Context: It has been suggested that stimulation of lipolysis by diazoxide (DZX)-mediated insulin suppression may be useful in treating obesity. However, the optimal dose to promote lipolysis without causing hyperglycemia is unknown.
H yperinsulinism is a major characteristic of obesity (1) . It is generally regarded as the result of a compensatory b-cell response to overcome resistance to the glucose-lowering actions of insulin. Although this increased insulin secretion may help to maintain normoglycemia, it has adverse effects on body composition (2) . Insulin not only promotes glucose uptake; it also increases intracellular fat storage by stimulating lipogenesis and inhibition of lipolysis (3) (4) (5) . This may be life saving when energy availability is limited, but, in a setting of caloric abundance, these fat-storing actions of insulin can be detrimental.
It has been shown that obese subjects remain relatively sensitive to the lipogenic and antilipolytic actions of insulin despite marked resistance to its glucose-lowering effects, and this may explain to some extent why it is difficult to lose excess fat (6) . The potent obesogenic effects of excess insulin are well known in patients with type 2 diabetes mellitus starting insulin treatment, whereas the marked loss of fat that occurs in de novo type 1 diabetes mellitus illustrates the potential effects of insulin lowering on body fat mass (7) . In view of these observations, it is not surprising that the concept of diazoxide (DZX)-mediated, controlled insulin suppression has emerged as an approach to support weight loss (8) . Although DZX is a well-known inhibitor of glucosestimulated insulin secretion, clinical data are limited, and the therapeutic window of DZX treatment is largely unknown. Alemzadeh et al. (8) demonstrated the effect of DZX-mediated insulin suppression in an 8-week, placebo (PL)-controlled study in obese adults (mainly women) with a mean body mass index (BMI) of 40 6 2 kg/m 2 . DZX at 200 mg/d induced a 5-kg PL-subtracted weight loss without deleterious effects on glucose metabolism. Long-term studies have not been performed in women, probably because of the risk of hypertrichosis, a wellknown side effect of DZX. A short-term, dose-response study in men revealed that the insulin-suppressive effects are dose dependent and that obese men require substantially higher doses to obtain the same degree of insulin suppression as achieved in nonobese men (9) . The markedly lower efficacy in obese men was explained by lower plasma DZX levels as a result of weight-dependent differences in distribution volume. The efficacy of highdose DZX-mediated insulin suppression in nondiabetic obese men has been explored in a 6-month, open, uncontrolled pilot study using DZX at a gradually increasing dose up to 900 mg/d in combination with moderate caloric restriction and increased physical activity (10) . This regimen induced a 65% suppression of insulin levels and a mean decrease in fat mass of 23%. The degree of fat loss was inversely related to fasting insulin levels achieved at 6 months, and the data indicated that fat mass decreased by $10 kg if fasting insulin levels were reduced to #4.5 mU/L. This insulin level may be the target of treatment in future studies. However, further research is needed to define the therapeutic window of DZXmedicated insulin suppression to avoid the metabolic complications of excessive insulin suppression (11) .
The current study was designed to explore the efficacy and adverse effects of high-dose DZX-mediated insulin suppression in men in a PL-controlled setting. In this report we focus on the consequences of insulin suppression on glucose and lipid metabolism. The effects on body composition are discussed in a separate paper. In a subgroup of subjects, metformin (MTF) was added to assess its efficacy in preventing DZX-induced hyperglycemia.
Subjects and Methods

Subjects
Obese but otherwise healthy men (age, 20 to 55 years; BMI, 30 to 37.5 kg/m 2 ) were recruited by advertisement in local newspapers. All subjects received a general physical examination and a laboratory screening after an overnight fast. Men with a fasting serum glucose level #6 mmol/L, a hemoglobin A1C (HbA 1c ) level #6.0% (42 mmol/mol), a fasting C-peptide level $1.0 nmol/L, and a stable body weight for at least 3 months were eligible for inclusion. Women were excluded because of the risk of hypertrichosis. Exclusion criteria were any endocrine disease, serum creatinine .120 mmol/L, liver enzymes .2 times the upper limit of normal, continued use of medication affecting blood pressure or glucose and lipid metabolism, drug abuse, gout, use of alcohol .2 U/d, and cessation of smoking in the past 6 months. Antihypertensive or lipid-lowering drugs were discontinued 4 weeks prior to start of the study. The study was approved by the Institutional Review Board. All participating subjects gave written informed consent.
Study design
Patients were randomized in a double-blind manner to one of three treatment arms: DZX + PL (DZX+PL), DZX + MTF, and double PL (PL+PL). DZX was started at a dose of 100 mg twice daily with monthly increments of 100 mg/d until side effects or hyperglycemia occurred or until the maximum dose of 700 mg/d at 6 months was reached. The dose escalation schedule is summarized in Table 1 . Tablets were taken at breakfast, at lunch, at dinner, and prior to bedtime. MTF was started in a dose of 850 mg once daily with weekly increments of 850 mg/d up to a maximum dose of 3 3 850 mg or until gastrointestinal side effects occurred. Prior to the study, caloric intake was assessed by a dietician. At the start of the study, diet and physical exercise were standardized. A mild hypocaloric diet was prescribed consisting of 75% of the calories required to maintain ideal body weight, as calculated by the HarrisBenedict equation (12) . All subjects were instructed to eat only three meals a day with a carbohydrate-fat-protein content of 50%, 30%, and 20%, respectively. Subjects were instructed to walk for 30 minutes after lunch and dinner and to aim for 10,000 steps a day. In addition, they were instructed to visit the sports center (Physique, Arnhem, Netherlands) three times a week to receive standardized training by two physiotherapists. Attendance to the sport center was recorded.
Measurements
Baseline measurements included height, weight, blood pressure, home glucose measurements for 2 days, and the number of steps per week measured by pedometer (Omron Healthcare Europe, Hoofddorp, The Netherlands). A 24-hour urine sample was collected to measure total volume, creatinine, and glucose excretion. A fasting blood sample was obtained between 8:00 and 9:00 AM to measure total blood count, plasma glucose, insulin, C-peptide, HbA 1c , creatinine, sodium, potassium, uric acid, lactic acid, liver enzymes, lipid profile, b-hydroxybutyric acid, aceto-acetate, and free fatty acid (FFA) levels. In addition, a standardized 500 kcal meal test was performed to document the glucose and insulin level response as described previously (9) . During this test, venous blood samples were taken at 230, 0, 30, 45, 60, 90, 120, 180, 240, and 300 minutes from a catheter inserted in a forearm vein. All baseline measurements were repeated at 6 months. The main outcome measurements were insulin, glucose, HbA 1c , lipid levels, and reported side effects. A homeostatic model assessment of insulin resistance (HOMA-IR) was performed (13) .
Patients visited the outpatient clinic monthly for measurement of body weight, blood pressure, abdominal circumference, and blood glucose levels. Blood pressure was measured in the upright position with an automatic device (Omron M3) (Omron Healthcare Europe) after a 5-minute rest.
Laboratory assays
Commercially available methods were used to measure plasma glucose (enzymatic colorimetric assay, p800; Roche Diagnostics, Mannheim, Germany), plasma insulin (electrochemiluminescence immunoassay, Elecsys 2010; Roche Diagnostics), plasma C-peptide concentrations (competitive chemiluminescent enzyme immunoassay; DPC, Los Angeles, CA, manufacturer's reference for fasting levels in nonobese subjects: 0.15 to 1.00 nmol/L), and HbA 1c (reversed-phase cation exchange chromatography, ADAMS HA-8160; Menarini, Florence, Italy). Fasting FFA levels, fasting b-hydroxy butric acid, and aceto-acetate were measured enzymatically by spectrophotometric assays (ABX Pentra 400; Horiba ABX Diagnostics, Kyoto, Japan). Plasma DZX levels were analyzed by high-pressure liquid chromatography with ultraviolet detection as described previously (9) . Lactic acid was measured potentiometrically (Cobas b 221; Roche Diagnostics).
Safety monitoring
All subjects were instructed to perform an eight-point home glucose measurement in the week preceding the monthly outpatient clinic visit (Accu-check; Roche Diagnostics), with blood samples taken in the fasting state, 2 hours after breakfast, just before lunch, 2 hours after lunch, before dinner, 2 hours after dinner, at bedtime, and at 3:00 AM. Subjects were instructed to contact the trial investigators prior to the planned visits if side effects or hyperglycemia occurred. Hyperglycemia was defined as a fasting home glucose level .7 or .11 mmol/L 2 hours after a meal.
Every 4 weeks, fasting glucose, insulin, and blood pressure were measured, and a 24-hour urine sample was collected to quantify glucosuria. In the case of DZX-related side effects (e.g., edema, hyperglycemia, glucosuria, systolic blood pressure ,110 mm Hg, or diastolic blood pressure ,70 mm Hg), the DZX dose was reduced 100 mg/d every 2 to 4 weeks until all side effects disappeared. In the case of persisting edema, an additional blood sample was taken to measure N-terminal prohormone of brain natriuretic peptide (NT-pro-BNP).
Statistical analysis
All data are shown as mean 6 standard error of the mean. The results were analyzed as per protocol. Data from patients on active treatment were excluded if plasma DZX levels were undetectable because this suggested noncompliance. Differences between the three groups were analyzed by one-way analysis of variance with Bonferroni correction for post hoc multiple comparisons testing. Differences within groups were analyzed by paired t test. In the case of a non-Gaussian distribution, the KruskalWallis and Wilcoxon matched pairs tests were used. To calculate correlations, Pearson's correlation test was used. A P value ,0.05 was considered statistically significant.
Results
Forty-four men were included in this study (Fig. 1) . Nine men dropped out during the initial 4 weeks of the study: three for personal reasons unrelated to the trial, two because of side effects (MTF-related gastrointestinal symptoms and MTF-induced rash), and four because of early-onset motivational problems and/or inability to adhere to the physical exercise protocol. Thirty-five men completed the 6-month study according to protocol: 12 in the PL+PL arm, 10 in the DZX+PL arm, and 13 in the DZX+MTF arm.
Baseline results
Mean age at baseline was 44.7 6 1.2 years (range, 22.9 to 54.3 years), and mean BMI was 35.1 6 0.4 kg/m 2 . Fasting C-peptide and insulin levels ranged from 1.0 Figure 1 . Randomization and study completion. to 1.9 nmol/L and from 8.5 to 34.5 mU/L, respectively. Two men had obstructive sleep apnea syndrome requiring continuous positive airway pressure (DZX+MTF arm), three men used antihypertensive medication (low-dose b-blocker, diuretic, and angiotensin-converting enzyme inhibitor, respectively; one patient in each arm), and three men used a statin (one patient in each arm). Antihypertensives and statins had been discontinued 4 weeks prior to start of the study, according to protocol. At baseline, the three groups were well matched for all parameters except for a slightly higher low-density lipoprotein cholesterol (LDL-C) level in the DZX+PL group ( Table 1) . The reported caloric intake prior to the study was 2428 6 102 kcal/d. The recommended intake during the study was 1627 6 37 kcal/d, which represents a reduction of 30.9% 6 2.8% compared with the prestudy intake (P , 0.001).
DZX dose and side effects
The most frequently reported side effects during dose escalation were transient nausea (n = 11 in the DZX+MTF arm, n = 1 in the DZX+PL and PL+PL arms), loose stools (n = 2 in the DZX+MTF arm and n = 1 in the DZX+PL and PL+PL arms), edema (n = 8 in the DZX+MTF arm, n = 3 in the DZX+PL arm, and n = 1 in the PL+PL arm), hypertrichosis (n = 2 in both DZX arms and n = 1 in the PL+PL arm), and palpitations (n = 3 in the DZX+PL arm). The dose-limiting events were hyperglycemia (n = 3 in both DZX arms), edema (n = 8 in the DZX+MTF arm, n = 3 in the DZX+PL arm, and n = 1 in the PL+PL arm), and nausea (n = 1 in both DZX arms). Transient glucosuria was detected in three men at 2, 3, and 5 months, respectively (one in the DZX+PL arm and two in the DZX+MTF arm). All side effects disappeared after dose reduction, and none of the patients had side effects or glucosuria at 6 months. The achieved mean daily DZX dose was 422 6 62 mg in the DZX+PL arm and 442 6 34 mg in the DZX+MTF arm (Fig. 2) . Only two men reached the maximum dose of 700 mg/d. The plasma DZX levels at 6 months were 37.9 6 8.8 mg/L and 38.8 6 5.1 mg/L (P = 0.85), respectively. DZX was not detectable in the PL+PL group. All but one subject tolerated MTF at a dose of 2250 mg/d.
Effects on serum insulin and glucose levels
After 6 months, PL+PL treatment was associated with a 23% reduction in fasting insulin, without a change in glucose levels. DZX treatment reduced fasting insulin levels by .70% (P , 0.001), from 15.5 6 2.6 to 5.6 6 1.7 mU/L (P , 0.01) and from 14.6 6 1.9 to 4.1 6 09 mU/L (P , 0.001) in the DZX+PL and DZX+MTF groups, respectively. Postmeal peak insulin and area under the curve insulin (AUC) Ins decreased by 67% (Fig. 3) . This reduction in insulin levels was associated with a small but significant increase in fasting glucose levels in both DZX groups: 0.7 6 0.2 mmol/L [95% confidence interval (CI), 0.1 to 1.2] in the DZX+PL arm and 0.6 6 0.3 mmol/L (95% CI, 0.0 to 1.1) in the DZX+MTF arm (Table 1) . Postmeal peak glucose levels increased by 1.5 6 0.4 and 1.1 6 0.6 mmol/L, and AUC Gluc increased by 16% in both groups. HbA 1c increased by 0.3 6 0.1% (95% CI, 0.0 to 0.7) and 0.2 6 0.1% (95% CI, 0.0 to 0.4), respectively.
Effects on lipids
In the PL+PL arm, high-density lipoprotein cholesterol (HDL-C) and LDL-C did not change significantly, whereas triglycerides (TGs) decreased by 14% (P , 0.05). Both DZX groups had significant improvements in TG, HDL-C, and LDL-C levels as compared with PL (P , 0.001). DZX treatment increased HDL-C by 36% and 25%, and plasma (TG) decreased by 58% and 43% in the DZX+PL and DZX+MTF arms, respectively (Fig.  4) . LDL-C decreased by 20% in both DZX groups. HDL-C levels were inversely related to fasting insulin levels, AUC ins , and HOMA-IR (r = 20.46, r = 20.44, and r = 20.40, respectively; P , 0.001 for all). TG levels were positively correlated with fasting insulin levels (r = 0.23; P = 0.02). Levels of FFA, b-hydroxybutyric acid, and aceto-acetate showed no significant change within or between the three treatment arms (data not shown). Effects on other parameters A PL-subtracted decline in systolic blood pressure of 10.4 mm Hg (P = 0.09) and a PL-subtracted decline in diastolic blood pressure of 6.3 mm Hg (P = 0.19) were observed in the DZX arms. When both DZX arms were combined, the PL-subtracted declines in systolic and diastolic blood pressure reached statistical significance (P = 0.02 and P = 0.05, respectively).
No significant changes were observed between the three arms regarding hemoglobin, leukocyte and thrombocyte count, plasma creatinine or electrolyte levels, uric acid, or thyroid and gonadal hormones. In the case of persistent edema (n = 10), NT-pro-BNP levels were measured. Levels ranged from 1 to 18 pmol/L and did not exceed the upper limit of normal (,21 pmol/L).
DZX with or without MTF
The results of DZX treatment with or without MTF are shown in Table 2 . The declines in body weight, blood pressure, and insulin levels and the changes in glucose and lipid levels were of similar magnitude in both groups. MTF use was associated with a slightly lower postmeal peak glucose but had no significant effect on other parameters of glucose control. Gastrointestinal side effects were much more common in patients using DZX+MTF.
Discussion
The present study focused on the safety aspects of DZX as monotherapy or in combination with MTF as a treatment of obesity in nondiabetic men and describes the effects of DZX on glucose and lipid metabolism. DZX treatment for 6 months lowered insulin levels by .70%, compared with a 24% reduction in the PL+PL arm. This decrease in insulin levels was associated with a large improvement in plasma lipid levels at the cost of a small rise in glucose levels. Insulin resistance evaluated by HOMA-IR showed a 70% improvement in insulin sensitivity.
Obesity-related hyperinsulinemia is generally viewed as a compensatory b-cell response to overcome the resistance to the glucose-lowering actions of insulin. However, sustained hyperinsulinism can also cause insulin resistance by a decline in insulin receptors and/or postreceptor defects (14) (15) (16) (17) . In contrast, forced DZXmediated insulin suppression has been shown to increase insulin sensitivity in animals and in humans (8, 18) . The marked improvement in insulin sensitivity explains why a 70% decrease in insulin levels did not lead to overt diabetes mellitus but only caused mild glucose intolerance. It is conceivable that glucose intolerance as a result of forced insulin lowering can be avoided by individualized DZX dose adjustment.
The main aim of the current study was to find the optimal DZX dose to achieve maximal insulin suppression without causing metabolic harm that would outweigh the beneficial effects of weight loss. At 6 months, fasting glucose levels had increased slightly in the DZX+PL group as compared with the PL+PL arm. Fasting glucose levels .5.0 mmol/L are associated with a higher risk for cardiovascular disease. The hazard ratio adjusted for age, smoking status, alcohol, exercise, BMI, and systolic blood pressure in men with a fasting glucose level between 6.1 and 6.4 mmol/L is 5% to 12% higher when compared with a fasting glucose of 5 mmol/L (19, 20) . To determine the total cost/benefit ratio, the adverse effects on glucose metabolism should be weighed against the beneficial effects on lipid levels and blood pressure. Compared with the PL+PL group, DZX caused a fourfold increase in HDL-C and a fourfold higher decline in LDL-C and TG levels, which has been shown to substantially reduce the risk of cardiovascular disease (21, 22) . In addition, the PL-subtracted 10 mm Hg decline in systolic blood pressure may have a positive effect on cardiovascular risk (23) . The improvements in blood pressure and lipid levels are likely to outweigh the risks associated with a modest deterioration in glucose metabolism. These expectations are supported by findings in recent rodent studies demonstrating that insulin lowering had no prolonged adverse effects on glucose homeostasis but was associated with reduced adiposity and substantial lifespan extension (24) .
The design of the current study included a treatment arm with the combination of DZX and MTF. MTF was added to reduce the risk of hyperglycemia and because of its potential effects on weight loss (25) (26) (27) (28) . PLcontrolled trials in obese hyperinsulinemic adolescents or adults without diabetes have shown that MTF at 1000 to 1700 mg/d for 2 to 6 months induces a 3-kg PL-subtracted weight loss and an increase in insulin sensitivity (26) (27) (28) . In our study, adding MTF to DZX did not increase weight loss, had no protective effect on fasting and peak glucose levels, and had no additional beneficial effects on lipid levels.
The beneficial effects of DZX on lipid levels were in line with expectations based on previous observations documenting the central role of insulin in the control of lipid metabolism and body fat mass (16, (29) (30) (31) . Insulin suppresses intracellular lipolysis by inhibition of the adipocyte's hormone-sensitive lipase, promotes hepatic and adipocyte lipogenesis by increasing FFA uptake by stimulation of lipoprotein lipase-mediated release of FFA from lipoprotein TGs, and increases glycerol-3 phosphate availability by stimulation of glucose uptake (16, (30) (31) (32) . The reverse occurs with DZX-mediated insulin suppression. The decline in plasma TGs and LDL-C is due to decreased production and increased catabolism of TG-rich lipoproteins, and the rise in HDL-C can be attributed to a decrease in HDL-C catabolism (31, 32) .
Hyperglycemia and edema were the main doselimiting effects of DZX treatment. Both effects disappeared after dose reduction. Edema was not related to changes in plasma albumin. The minor decrease in albumin levels during DZX treatment (-1.2 6 0.7 g/L for both DZX arms; P = 0.43) was too small to explain the onset of edema. DZX is known to produce vasodilation and causes sodium and water retention that is probably secondary to the decrease in intravascular pressure (33, 34) . Increased capillary permeability might be an additional explanation. We found no evidence of congestive heart failure. NT-pro-BNP levels were well within the normal range.
Our study has limitations. Because of its small numbers, it should be regarded as an explorative study that requires confirmation by larger studies. Furthermore, the present data cannot be extrapolated to women. It appears that women are more sensitive to the insulin-suppressive effects of DZX than men (9). In summary, DZX treatment, combined with increased physical exercise and moderate caloric restriction, reduces insulin levels by 70% without causing major increases in glucose levels and has beneficial effects on lipid levels and blood pressure. The large interindividual variation in maximal tolerated dose of DZX underscores the need for individualized dose titration. The main dose-limiting effects were hyperglycemia and edema; both were reversible after dose reduction. b P value represents the significance of differences between the three groups as evaluated by analysis of variance: P , 0.05 between DZX1MTF and DZX1PL vs PL1PL. c Significance of changes within groups: P , 0.01.
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